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Abstract 
The La Espingarda kaolin deposit was formed by “in situ” alteration of sub-alkaline rhyolites 
with high potassium and low titanium content belonging to Jurassic Marifil Formation. Four 
volcanic lithofacies were identified: a porphyric biotitic ignimbrite (PBI), a coarse lithic 
ignimbrite (ILG), a fluidal intrusive rhyolite (RFI), and an ash-fall tuff (FT). The kaolinization 
covers an ellipsoidal surface area of ~20,000 m2, with the alteration intensity decreasing 
downwards and disappearing at 8-12 m from the surface. The length to thickness ratio of the 
alteration is 60:1. In two mine sectors small stockworks of fine quartz veins appears (< 3 m2). 
The deepest alteration is related to two fault zones where the three volcanic units are in 
contact. There is no lateral clay zoning at the faults. The mineralogy is simple (kaolinite + 
quartz + feldspars + Fe-oxyhydroxides ± halloysite ± illite materials. At least three kaolinite 
generations were identified. The first is pervasive; the second appears as a filling of vugs in 
the quartz veinlets that crosscut the pervasively altered rocks; and the third occurs as pure 
kaolin veins without quartz veins cross cuts.   During the alteration processes, rock hydration 
with almost total alkalis lixiviation took place. The three argillized lithofacies showed Ni 
enrichment and Cu, Sr, and Ba depletion and do not contain any Au, Ag, As, Sb, Hg, or Ba 
anomalies.Epithermal low sulfidation precious matal deposits in Patagonia are associated to 
fracture-related silicification with subtle or no alteration.  Hydrothermal kaolinite 
manifestations at are located around and beneath silicified, erosion-resistant hills; they have 
a clear clay lateral zonation that includes some of the following minerals: dickite, alunite, 
pyrophyllite, or pyrite. Isotopic δ18O‰ and δD‰ kaolinite contents are compatible with 
hydrothermal high temperature fluids and As, S, Ba, and Ag are within the range of weak 
geochemical anomalies. A main weathering genesis for La Espingarda is supported by the 
deposit morphology, its location in topographic lows, its simple mineralogy; its vertical 
zonation, the kaolinite veins isotopes (δ18O ‰ 18.3, 13.4; δD ‰ –59.0; –85.0), the trace 
elements distribution and the paleoclimatic record. A steam heated water activity produced 
some kaolinite overprint according to some isotopic values and S and P contents slightly 
higher in the kaolinized rocks. Neither trace element distribution nor drill data support the 
existence of any metallic mineralization at the kaolin blanket bottom. 
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1. Introduction 
 
In Patagonia, Southern Argentina, there is an extended Triassic – Jurassic 
Gondwana Rhyolite Province that contains kaolin and epithermal gold deposits ( 
Dominguez  y Cravero 1999; Schalamuck et al. 1997; Sillitoe, 2004 Sotarello et al., 
2002; Rubeinstein and Gargiulo, 2005) (Fig. 1). The rocks of this Gondwana Rhyolite 
Province  have different regional names such as the Marifil Formation (Malvicini and 
Llambías, 1974) or Marifil Complex (Cortés, 1981)  or Bahía Laura Group (Chon Aike 
/ La Matilde Formations) (Lesta and Ferello, 1972)  or Choiyoi Group (Kay et al, 
1989) among others.  
Numerous primary kaolin deposits supply clays to the Argentinean ceramic industry. 
The main deposits are located in Chubut Province, along the Lower Valley of Chubut 
River, although some others as Lote 8, Cº Rubio, Blanquita and Equivocada, are also 
important. Linked to them there are also secondary “Ball Clay”-type kaolin layers 
being exploited in younger sedimentary sequences.  
The Triassic Choiyoi and the Late Jurassic Chon Aike Groups contains also 
numerous epithermal gold deposits some of which are at present under exploitation, 
such as Cerro Vanguardia (Zubia et al., 1999; Veta Martha (Gonzalez Guillot et al., 
2004) and Huevos Verdes. Others like Manantial Espejo, and Esquel (Sillitoe et al., 
2002) will be in production in the near future and there are many prospects currently 
under exploration.  
Because kaolinite can form under weathering or hydrothermal conditions, it is 
important to distinguish its formation environment during exploration for epithermal 
precious mineralization (Bethke, 1984; Hedenquist et al., 2000).   Recently, Blanquita 
and Equivocada kaolin deposits have been confirmed to be hydrothermal (Marfil et 
al., 2005) and in the same area, Cº La Mina prospect, shows an alteration halo that 
was interpreted as belonging to a high sulphide mineralization system (Ducart et al., 
2006). Faced with this evidence, the idea of a genetic relation between residual 
kaolinites and epithermal deposits are once again being considered in this Rhyolitic 
Province. 
This work focuses on the study of the geology and genesis of “La Espingarda” 
residual kaolin deposit located near Dique Ameghino, in Chubut Province. This mine 
presents an excellent opportunity for a geologic-genetic study because it is in a 
mature production stage having several exposed mine faces and drilling records that 
allows the alteration study in detail. Several lithofacies have been altered and each 
one has its own kaolinite identity. In the deposit, small quartz veins permitted the 
study of fluid inclusions and new isotopic values that, together with a careful 
determination of kaolinite paragenesis permit the determination of the kaolinite 
formation environment.    
The origin of primary kaolin deposits in Patagonia has been a topic of scientific 
discussion for a long time: Angelelli and Stegman (1948) and Oliveri and Terrero 
(1954) found evidence that supports a weathering origin, but Hayase (1969) and 
Maiza and Hayase (1975) proposed that such deposits were formed by hydrothermal 
fluids. Romero et al. (1975) linked the genesis to underground water circulation and 
Logan et al. (1992) concluded that they were formed by hydrothermal fluids without 
discarding overimposed weathering. Based on isotopic determinations, Domínguez 
and Murray (1995) attributed the genesis of kaolin to weathering conditions, although 
restricted hydrothermal influences could not be ruled out.  
Published on Applied Clay Sciences, 47 (2010) 290-302 
Copyright © 2010 Elsevier Science B.V. All rights reserved. doi: 10.1016/j.clay.2009.11.030  
 
 
 
3
2. Regional Geology 
 
Major Argentinean primary kaolin deposits are located in the lower valley of Chubut 
river.   Along the valley there are more than 400 kaolin mines that provide about 60% 
of the country’s total production (i.e. 60,000 tons/year). The mines are located 
between Dolavon and Dique Ameghino embracing an area of 2,500 km2, being La 
Espingarda one of the deposits has more mine faces exposed to study the geology 
(Fig. 2).  
The lower valley of the Chubut River is located south of the Macizo de Somuncura 
(Stipanicic and Methol, 1972) and its geology and stratigraphy have been 
summarized by Sacomani and Panza (1998). Its geology is characterized by a 
Proterozoic metamorphic basement (Linares et al., 1990) intruded by Permo-
Ordovician granites that are covered extensively by the rhyolitic vulcanites from the  
Marifil Fm (Fig. 2). 
Major outcrops in the La Espingarda mine are rhyolitic ignimbrites, lava flows, tuffs, 
and a few sediments that belong to Marifil Fm. The presence of sub-volcanic bodies 
was recorded by Corbella (1973). Besides the prevalence of rhyolite, geochemical 
studies reflect a wide rock composition embracing the whole rhyolite-basalt series 
(Uliana et al., 1985). The Marifil Fm was formed during Lower to Middle Jurassic 
times based on K-Ar radiometric ages (158-210 Ma; Page et al.,1999; Ravazzoli, 
1977). In Dique Ameghino area, Rapela and Pankhurst (1993) obtained an age of 
181 ± 4 Ma, while Alric et al. (1996) one of 186.2 ± 1.5 Ma. The Marifil Formation is 
intruded by basic dikes that are included into the wider Jurassic volcanism. 
 The Cretaceous (Barremian-Cenomanian) continental deposits of Chubut Group 
(Lesta and Ferello, 1972) unconformably cover the vulcanites . It is exposed only in 
small outcrops South-West of the kaolinized area and consists of fine sandstones, 
tuffs, silts, and some sporadic clay lenses. The paleontological record indicates warm 
and humid climate (Pothe de Baldis, 1984). The Danian  Salamanca Fm (Lesta and 
Ferello, 1972) unconformably covers the rhyolitic vulcanites in the entire kaolinized 
area. It is composed of fine sandstones and kaolinite clay layers, 2-15 m thick, 
lenticular and grey, black or reddish-yellow, which grade laterally to sandy bodies. 
The sedimentary sequence ends with coquinas that form a resistant stratigraphic 
level marker in the region. Bertels (1973) and Malumian (1983) estimated that these 
marine sediments were formed on a warm-temperate climate platform. The Eocene 
Río Chico Fm (Simpson, 1933) carries a fauna of primitive mammals and the fossil 
association is indicative of a warm subtropical-temperate climate (Pascual and 
Odreman Rivas, 1973). The Eocene-Oligocene Sarmiento Fm (Spalletti and Mazzoni, 
1977), consists of tuffs, mixed tuffs, and bentonitic clays widespread throughout the 
area of study. The Upper Pliocene Montemayor Fm (Yllanes, 1979) covers 
unconformably practically all older and corresponds to the Rodados Patagónicos 
according to Windhausen (1921).  
The oldest tectonic activity registered in this area corresponds to basement fissures 
that facilitated volcanic Jurassic spills during the Gondwana initial separation steps. 
The fissure formation was prior to the opening of the Atlantic Ocean and the volcanic 
processes are closely tied to this event (Ramos and Pesce, 1979). Blocks limited by 
faults are the dominant structural feature in this region which affects the Marifil Fm in 
a significant way. Folds are uncommon and have only been recorded in the Western 
area. The landscape presents gentle forms typical of Extra Andean Patagonia.  
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3. Materials and methods 
 
The kaolin deposit morphology was defined using geological field methods and the 
results of 84 holes totaling 503 mof drilling. The drill grid was approximately 25 m and 
the hole was finished when the sludge turned into fresh rock. 
The petrographic, mineralogical, X-ray and chemical analyses comparing fresh, 
intermediate, and highly altered rockswereperformed on typical point samples of 
each lithological unit (N10 samples). Clay mineralogical composition was investigated 
on the point samples and also on a bulk mining sample (N80 kg) of each lithological 
unit by X-ray powder diffraction performed on both whole rock and <2 μm fractions 
randomly oriented using a Rigaku-Denki Geigerflex Max III C diffractometer (2°2θ 
min−1, graphite-monochromated Cu Kα radiation). The mineralogical composition was 
confirmed by its response to the glycolation-heated treatments on the oriented 
samples. The quantitative mineralogical composition was achieved using both 
normative calculations and X-ray pattern interpretation applying the generalized 
reference intensity ratio (RIR) and assuming a theoretical composition for kaolinite, 
quartz, and feldspars as well as a mean composition for illite. The kaolinite 
crystallinity was determined on <2 μm fraction obtained by washing, following the 
method proposed by Hinckley (1963). Because quartz is always present, even in <2 
μm fractions, the Stoch index (Stoch, 1974) was used as recommended by Aparicio 
and Galán (1999). Clay microstructure was observed by scanning electron 
microscopy (SEM, JEOL 35 CF) using small fragments mounted on Cu holders and 
coated with an Au–Pd alloy. The halloysite presence was suspected by the Xray 
pattern and was confirmed by its tabular morphology on SEM–TEM images of the 
bulk samples. Its abundance was estimated from the images. 
Chemical analyses of major, minor and trace elements (including REE) were 
performed also at ACTLABS—Canada by Instrumental Neutron Activation Analysis 
(INAA), Inductively-Coupled Plasma Optical Emission Spectrometry (ICP-OES), and 
X-ray Fluorescence Spectrometry (XRF). Carbon and sulphur concentrations were 
determined by IR absorption (Leco CS225, ASTM E 1019). Fluid inclusions were 
studied in the quartz veins. Micro thermometric measurements were carried out using 
doubly-polished wafers of 100–300 μm on a Linkam heating–freezing stage with a 
−180 to 600 °C working range mounted on an Olympus BX50 microscope with ×10–
×25 oculars and UTK50/0.63 Leitz objectives. Calibration was obtained with 
standards in the 400 °C range, and with CO2 and pure H2O for freezing. The salinity 
of fluid inclusions was determined from the final melting temperature of ice (Tm) 
using Bodnar's equation (Bodnar, 1992). 
The kaolinite isotopic analyses were performed on pure b2 μm samples at Actlabs — 
Canada (Protocol N° 21188D). The procedures of Clayton and Mayeda (1963) were 
used for O extraction. The D18 extraction was made at 1400 °C in platinum crucibles 
and the water reacted with U for the H acquisition. A Finnigan Spectrometer was 
used. 
 
4. Deposit  Geology 
 
The kaolinized area is found at the bottom of a small valley (Figs. 2 and 3) and in the 
quarry the dominant outcrops correspond to the flows, ignimbrites, and tuffs of the 
Marifil Fm. Resistant sandstones of the Salamanca Fm protected the soft kaolinized 
rocks. In the volcanic complex four different lithofacies were recognized and 
described as porphyric biotite ignimbrite (RPB), coarse lithic ignimbrite (ILG), 
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intrusive rhyolitic flow (RF), and fall tuffs (FT). RPB ignimbrite is reddish with 
porphyric textures and, in hand samples, fractured angular quartz crystals, feldspars 
and subordinate biotite in a glassy re-crystallized groundmass were observed. Glassy 
shards without fluidal evidence were observed under the microscope. Texturally, it is 
a massive highly cohesive non-welded ignimbrite (Fig. 4). 
ILG ignimbrite is pinkish when fresh and yellowish-brown on weathered surfaces. It is 
a massive lapilli volcanic breccia with poorly selected lithic–pumiceous fragments. It 
contains RPB lithoclasts included in a vitreous quartz–feldspar re-crystallized glassy 
texture groundmass. Pumicites, quartz, feldspar fragments, and subordinate 
accessory minerals are also observed under the microscope. This rock is a non-
welded ignimbrite with apparent porphyric texture (Fig. 4). 
RF is a greyish purple-red rhyolite with lighter tones when weathered. Flow lines are 
mostly vertical but tend to be parallel when in contact with other vulcanites. In a 
working front, flow lines indicate their spill on a surface worked out on the RPB. This 
rhyolite has minor amounts of quartz and feldspars immersed in a re-crystallized 
fluidal aphanitic groundmass. Flow bands with some ghosts of orbicular textures are 
composed of quartz, fibrous feldspars and, in some cases, iron oxides (Fig. 4). 
FT consists of green-yellowish, sub-horizontal, roughly stratified tuffs. Stratigraphic 
relations among volcanic units are well observed on the outcrops. RPB has a fault 
contact with ILG. The fault is normal with ILG at the South as a descended block. 
Lithic fragments of RPB inside ILG allow us to conclude that RPB is older. RF 
intrudes into ILG and RPB along the fault plane and floods over RPB. FT lays over 
RPB and ILG (Figs. 2 and 3). 
 
5. Kaolinite blanket 
 
5.1. Form 
A pervasive kaolinization is observed in RPB, ILG and RF rock types, while pure 
kaolinite veins are seenmostly in RF outcrops. The TF is only slightly altered and its 
outcrops are somedistanceaway fromthe quarry. 
The kaolinite area has an ellipsoidal form, the longer axis being about 600 m long, 
roughly coinciding with one fault trace, and the shorter one being about 400 m long, 
covering a 20,000 m2 area. The maximum kaolinization depth is close to 12 m along 
both sides of the fault. In the field the clay alteration exhibits a clear vertical zonation 
with a short passage between a fresh hard and compact rock to a soft earthly kaolin 
rock without substantial texture changes. There is no clay zonation related to the fault 
trace. The alteration and its thickness are shown in Figs. 2 and 3. 
 
5.2. Petrography 
ILG presents a pseudoporphyric texture with reddish, greenish, and white lithoclasts 
in a pinkish rock to a bleached, soft, and earthy groundmass. Plagioclase laths in the 
groundmass are completely replaced by kaolinite. Tiny veins of pure kaolinite fill the 
rock joints. Some lithoclasts showed pumice residual textures pseudomorphically 
replaced by kaolinite and quartz. Re-crystallization quartz nets are also seen. The 
quartz crystalloclasts do not show any reaction rims, but small hematite crystals are 
seen following the flow lines. Altered RPB preserves the fresh rock texture and its 
alteration degree can be foreseen by the degree of rock cohesion. Biotite, 
plagioclase, and K-feldspar crystalloclasts are replaced by kaolinite and the pinkish 
groundmass is earthy and clay-rich (Fig. 4). Fine kaolinite veins with a stockwork 
texture were seen in restricted places. RF presents thin flow bands which are 
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alternating dark- and lightcoloured. Biotite crystals are replaced by kaolinite. This 
rhyolite has a very fine groundmass consisting of kaolinite and quartz. Abundant pure 
kaolinite veins with a stockwork texture cut the reddish altered rhyolite. 
In one restricted sector scarce fine quartz veins with crystals growing from the walls 
cuts the RF flow lines. These veins cuts fully kaolinite replaced lithoclasts and have 
kaolinite-filled vugs. These veins were also found cutting a slightly altered rhyolite at 
the quarry bottom. A small massive quartz outcrop (<2 m2) is related to the fault. 
There is no clay zonation related to any quartz manifestation. 
Careful observations show that there are at least three kaolinite generations. The 
pervasively kaolinized rocks (K1) with fully altered lithoclasts are cut by quartz veins 
with kaolinite (K2) filling the vugs. The pure kaolinite veins (K3) that cut the 
pervasively altered rhyolite have never been observed crossed by any quartz vein 
(Fig. 5). 
 
5.3. X-Ray, SEM, and TEM clay Mineralogy 
The kaolin mineralogical composition is simple and regular. Whole X-ray bulk rock 
sample powder diagrams from the three altered lithofacies show quartz, K-feldspars, 
plagioclase, kaolinite, and illite with different reflection intensities according with its 
alteration degree. The illite presence was confirmed on oriented natural, glycolated 
and heated X-ray b2 μm fraction. 
The X-ray quantitative mineralogical composition of typical fresh, medium and highly 
altered rocks is shown in Table 1. The quartz remained practically constant in all the 
alteration stages, but biotite, plagioclase and in the last term sanidine are replaced by 
kaolinite. The maximum kaolin content is about 40/57% in the whole highly altered 
rock and reaches 98% in the washed samples b2 μm fraction. Mineralogical 
composition changes with the degree of alteration and the different lithology. During 
alteration, plagioclase and biotite are transformed into kaolinite; illites (Srodon and 
Eberl, 1987) are present only in the intermediate alteration stage in all lithofacies. 
Among feldspars, sanidine is more resistant than plagioclase, because it persists 
until the most advanced alteration stages. Quartz remained practically constant in the 
alteration stages, while kaolinite replaced feldspars progressively; thus, the more 
intensely altered rocks consist almost exclusively of quartz and kaolinite (Table 1). 
A moderately disordered kaolinite is seen in the X-ray powder diagrams of ILG and 
RPB and in the RF the halloysite's presence is suspected (Fig. 6). The Hinckley 
crystallinity index (Hinckley, 1963) of the kaolinites is 0.87 for ILG, 0.82 for veins, 
0.56 for RPB, and 0.32 for RF. These values correspond tomoderately disordered 
kaolinites. The Stoch index (Stoch, 1974) values obtained are 0.79 for veins, 0.87 for 
ILG, 0.94 for RPB and 1.21 for RF, so they fall between disordered (N 1.0) and 
ordered (b0.7) kaolinites. Therefore, the structural order of kaolinite is 
ILG=veinsNRPBNRF. 
The SEM images of RPB show an open texture with short and irregular kaolin books, 
corroded feldspars and on TEM some illite fibers are seen (Fig. 6). To reinforce the 
open texture rock density is given. Fresh rockdensity is 2.40 g/cm3 and 1.98when 
altered.At ILGshorts and open kaolin books with scarce halloysite fibers are seen. 
Fresh rock density is 2.24 g/cm3 and 1.54 when altered. At RF almost exclusively 
halloysite fibers dispensed overminor hexagonal kaolinite platelets are seen (Fig. 6). 
Fresh rock density is 2.45 g/cm3 and 1.65 g/cm3 when altered. The SEM pictures 
are in agreement with kaolinite structural order found using X-ray diagrams. Vein 
kaolinite crystals are small and with less defined ledges. Its aggregates resemble 
some botroidal textures (Fig. 6). 
Published on Applied Clay Sciences, 47 (2010) 290-302 
Copyright © 2010 Elsevier Science B.V. All rights reserved. doi: 10.1016/j.clay.2009.11.030  
 
 
 
7
Alteration had a diverse effect on the three lithofacies, causing differential 
paragenesis (Table 1, Fig. 6): 
− The coarse-grained lithic ignimbrite (ILG) is composed of quartz and kaolinite with 
minor halloysite. 
− The biotite porphyric ignimbrite contains quartz and sanidine along with similar 
amounts of kaolinite and halloysite. 
− The rhyolite flow (RF) consists of quartz and halloysite with minor kaolinite and 
sanidine. 
 
5.4. Kaolinite isotopes 
Previous data on pure kaolinite veins showed values of 18.3 δ18O‰ and −59.0 δD‰ 
(Cravero et al., 1991). Two new samples showed values of 19.3 and 19.1 δ18O‰; 
−83.0 and −82.0 δD‰. The ILG kaolinite values of 13.0 δ18O‰and−85.0 δD‰differ 
slightly from the previous values and plots slightly removed from the water line. For 
the ILG kaolinite values interpretation, the equation of Sheppard and Gielg (1996) 
was used considering that currently isotopic values for surface water in Santa Cruz 
are −6.6 δ18O‰ and −51 δD‰ while for average Jurassic water are of 6.93±1.55 
δ18O‰ and –42.19±12.32 δD‰ (Cravero et al., 1991). 
 
6. Quartz fluid inclusions 
 
The quartz veinlets cutting the argillized groundmass are 2 to 40 μm thick. The quartz 
has crystals growing upward from the walls with pyramidal terminations. In one vein, 
a small hematite–ilmenite crystal was found. Limited and small fluid inclusions were 
found in quartz growth zones. They are isolated, primary, and correspond to two 
types. One type has only one phase (L) and the other has two phases (L–V) with a 
small vapour bubble (b10%) at room temperature (Fig. 4). In two-phase inclusions, 
homogenization temperatures range from 144 to 277 °C (19 measurements) with a 
higher frequency between 150 and 180 °C (14 measurements). In one sample, 
freezing assays indicate the appearance of a eutectic point at −21 °C with a final 
melting point of −0.2 °C, corresponding to a low salinity fluid (equivalent to b1% mass 
NaCl). 
 
7. Geochemistry 
 
7.1. Unaltered rocks 
The fresh rocks according to TAS diagrams (Lemaitre, 1989) are rhyolites with silica 
between 74 and 77% and alkalis between 7.9 and 9.7% (Table 2). K2O 
concentrations are higher than those of Na2O, attributing these rhyolites to the sub-
alkaline series (Irvine and Baragar, 1971). These rocks were formed by peraluminous 
magma (Shand, 1927; Maniar and Piccoli, 1989) coming from extensional areas with 
cortical anatexis (Uliana et al., 1985). 
 
7.2. Altered rocks 
In the argillized rocks two different alteration paths can be observed: one leading to 
an extensive kaolinization, observed in all lithotypes. The other one produced 
silicification superimposed on kaolinization. The distribution of major and minor 
elements in fresh and altered rocks shows that significantly different chemical trends 
occurred both in the two alteration paths and in the three lithotypes (Table 2). 
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In a framework common to the whole deposit, a different geochemical behaviour was 
found for an increasing alteration degree, as outlined by a multivariate statistical 
analysis (Fig. 7): 
− Alkalis and alkaline-earth elements were leached decreasing their concentration in 
all lithotypes (Na, K, and Rb) but RF (Mg, Ca, Sr, and Ba). 
− Al, Sc, Ti, Ta, and Th behave as immobile elements, being progressively enriched 
in all lithotypes, as do Be, Zr, Y, Hf, and HREE (but in RF) as well as P and LREE 
(but in ILG). 
− Only in the kaolinization path, a weak increase of hydrothermal-related elements, 
such as S, Mo, Cd, Sb, W, and U, occurred. 
− Transition elements, such as V, Cr, Mn, Fe, Co, Ni, Cu, and Zn (and also As, Cs, 
and Pb), show variable trends depending on the alteration path and the lithotypes, so 
that no general pattern is evident. 
− Trace elements such as Se, Br, Nb, Ag, Ir, Au, Hg, and Bi do not vary significantly. 
Interestingly enough, the alteration of the rhyolite flow (RF), that gave rise to 
abundant halloysite, involved, on the one hand, the leaching of elements thought to 
be nearly immobile — such as Be, Zr, Y, Hf, and HREE — and, on the other hand, 
the stabilization of alkalineearth elements. 
On the other hand, the alteration path involving kaolinization+ silicification produced, 
together with an obvious change in the alumina/silica ratio, the immobilization of Co 
and Ni as well as the mobilization of Be, Mn, Fe, Zn, Zr, Hf, Pb, Th, and U. 
This general picture is confirmed by a classical gain and loss approach of Hildreth 
diagrams (Hildreth, 1981) (Fig. 8). In particular, it is clearly seen in ILG that the main 
gains are Al, Ti, and LoI, and the main losses correspond to Na, Ca, K, and P. In the 
case of PBI in an advanced alteration degree, gains of Ti, P, and H2O as well as 
losses of Na, Ca, K, Mg, Fe, and Mn are recorded. As alteration went on RF, Ti, P, 
and LoI were gained, while Na, Ca, K, Mn, and Fe were lost. With Hildreth's 
diagrams, an important loss of Na and K as well as remarkable water enrichment is 
observed in all rocks. The main changes concern: losses of Ca, Fe, and Mn, gains of 
Ti, and variable behaviour of Al, Si, and Mg. RPB and ILG have Ni enrichment and 
Cu, Sr, and Ba impoverishment in common. RF shows a loss in Zr, but gains in Ba, 
La, and Ce (Fig. 8). SO3 versus P2O5 correlation shows a little increase in S and P 
contents in the altered rocks. 
 
8. Discussion 
 
La Espingarda, and many residual kaolin deposits along the Chubut river valley are 
found in lowlands along the Jurassic rhyolite paleosurface and are covered by 
sedimentary rocks that include secondary ball clay-type deposits. 
A warm and humid climate with rainy periods where kaolinite can be formed (Murray 
and Keller, 1993; Velde, 1999) for Jurassic to Palaeocene times is supported by the 
paleontological record (Volkheimer, 1967; Archangelsky, 1967; Musacchio and 
Chebli, 1975; Pothe de Baldis, 1976). The tabular shape of the kaolinite body with its 
lateral extension much larger than its thickness (ratio N60/1), excludes a hypogene 
hydrothermal origin because this latter would generate alteration zones with more 
vertical than lateral extensions around the conduits (Stoffegren, 1985; Hayba et al., 
1985; White, 1991; Heinrich et al., 1999). The deposit shape could be compatible 
with a kaolinization caused by the action of magmatic vapour condensates in phreatic 
zones. In this case the kaolinite formation temperatures rarely exceed 200 °C 
Published on Applied Clay Sciences, 47 (2010) 290-302 
Copyright © 2010 Elsevier Science B.V. All rights reserved. doi: 10.1016/j.clay.2009.11.030  
 
 
 
9
(Schoen et al., 1974; Hayba et al., 1985). The tabular form is also compatible with 
weathering. 
The mineralogical composition of the three lithofacies changes with the alteration 
degree. Kaolinite, with subordinate illite, replaced plagioclase, biotite, and sanidine so 
that in completely altered rocks only kaolinite and quartz are present. The mineralogy 
presents a clear vertical zonation. The mineralogical composition, without dickite, 
pyrophyllite, sulphides or alunite is an argument against a hydrothermal origin 
(Sillitoe, 1993; Simeone et al., 2005). The gibbsite absence could be explained 
considering an incompletely developed paleo-weathered profile (Thiry et al., 1999). 
The degree of structural order of kaolinite (i.e. Hinckley or Stoch's indices) is of 
limited genetic significance. Under SEM, PBI, ILG, and RF kaolins show an open 
texture, expanded kaolinite books, high porosity, and low bulk density, similar to 
those described for samples from weathering environments (Keller, 1976). The 
kaolinite structural order surely depends on protolith type, grain seize and fluid 
circulation. The higher values are at the coarse ILG and on kaolinite veins. The 
halloysite seems to be later than kaolinite plates and its abundance linked tomajor 
fluids circulation at the RF that contains mostly of the kaolinite veins. 
Previous kaolinite isotope values in the area were interpreted as due to weathering 
(Cravero et al., 1991; Domínguez and Cravero, 1999). Two new determinations on 
pure kaolinite veins plotting along the kaolinite line confirm the weathering origin. The 
ILG isotopic values of 13.0‰ δ18O and −85.0‰ δD could be explained by either a 
temperature increase to near 60 °C in the surface waters (using the Sheppard and 
Gielg's equations, 1996) or a small contribution of magmatic vapours (Sakai and 
Matsubaya, 1977). 
The presence of quartz veins with fluid inclusions with homogenization near room to 
150–180 °C temperatures and with low salinity (equivalent to b1% mass NaCl), is a 
strong argument to support a hot water participation in the kaolinite formation. Pure 
water inclusions have been found in samples from low pressure, near surface, hot 
spring environments (Roedder, 1977). Also the quartz crystals inherited chalcedonic 
textures typical of an initial silica gel of hydrothermal precipitation (Dong et al., 1995). 
In a shallow epithermal system the isotopic values of kaolinite lie close to the 
kaolinite line, which point to the clay formation during weathering or supergene 
processes consistent with a steam-heated water of 25–50 °C (Simeone et al., 2005). 
Geochemical gain and loss balances showthat the alteration trend is similar to that of 
graniteweathering in laboratory simulations (Schmidt, 1999). These results coincide 
with those shown in CIA diagrams for weathered granites (Nesbitt and Young, 1989). 
In Hildreth's diagrams, the three lithofacies have in common the following: Ni 
enrichment and Cu, Sr, and Ba depletions as inweathered profiles. Also the altered 
rocks have S and P contents slightly higher than equivalent fresh rocks and this could 
be attributed to a hydrothermal influence. However, Au, Ag, As, Sb, Hg, Ba, Mo, Pb, 
S, Sr, and Ta contents, usually taken as mineralization pathfinders in hydrothermal 
hot spring systems, are lower than those found even in sterile gold deposits (Nelson, 
1988 — Table 3). The Cu, Au, As, and B low values point to a limited magmatic 
contribution because these elements are rich in high temperature magmatic vapours 
(Heinrich et al., 1999). 
REE distribution pattern, normalized to chondrite (Nakamura, 1974), is similar in the 
three unaltered lithofacies, presenting a higher concentration of LREE with respect to 
HREE and marked anomalies of Ce (positive) and Eu (negative). REE behaviour 
during the alteration is not uniform in the three lithotypes, though the general pattern 
resembles that of unaltered rocks (Fig. 8D). It seems that Rare Earths behave as 
immobile elements only in PBI, where the alteration degree in not very intense, as 
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just a partial transformation of feldspars occurred. The strong kaolinization of ILG 
involved the mobilization of LREE, while the halloysitization of RF implied the partial 
leaching of HREE. The differences in mineralogy and Be, Zr, Y, Hf, HREE and 
alkaline-earth elements in the RF are attributed to its highest meteoric water leaching 
rate evidenced by the abundance of kaolinite veins. 
According to kaolinite paragenesis and geological facts a reasonable interpretation 
for the genesis of this deposit is that the weathering conditions that formed the 
kaolinite blanket started before and then persisted after the overprint of parasitic 
short lived hot spring hydrothermal system. The late veins of pure kaolinite were 
formed by meteoric waters. 
Hydrothermal kaolinite mines are located around and beneath silicified, erosion-
resistant hills; they have a clear clay lateral zonation that includes some of the 
following minerals: dickite, alunite, pyrophyllite, or pyrite interpreted as belonging to a 
high sulphide mineralization system (Ducart et al., 2006). Isotopic δ18O‰ and δD‰ 
kaolinite contents are removed fromthe supergenic/hypogenic line. The anomalous 
contents of As, S, Ba, and Ag are compatible with a weak mineralization range (Marfil 
et al., 2005). Epithermal low sulfidization preciousmetalmineralization is strongly 
associated to erosion-resistant fracture-related silicification with subtle or no kaolinite 
alteration and several high grade bonanza ore shoots are blinds. 
 
9. Conclusion 
 
Very likely, the genesis of the deposit is that weathering forming the kaolinite blanket 
started before and persisted after the overprint of a steam heated hot water action. 
The late veins of pure kaolinite were formed by meteoric waters. 
This deposit and numerous similar ones in the surrounding area are located on a 
topographic depression associated with rhyolitic flows and ignimbrites of Jurassic 
age. 
Three volcanic rhyolitic rocks types were kaolinized and three kaolinite generations 
were identified. The first kaolinite generation is pervasive widespread and affects all 
the rocks. The second one is rare and appears as vuggy fillings in the quartz veins 
that cross cut kaolinized rocks; and the third one appears as abundant small white 
veins in the fluidal rhyolite. 
The mineralogical composition is simple with a downward zonation (i.e. 
kaolinite±halloysite→kaolinite+illite→unaltered rock). Each lithotype has its proper 
mineralogical arrangement promoting characteristic ceramic behaviour. 
The Au, Ag, As, Sb, Hg, Ba, Mo, Pb, S, Sr, and Ta contents are lower than those 
found in sterile hydrothermal hot spring gold systems. Neither the kaolinite genesis 
nor the trace element contents and the drill data support the existence of any 
precious metal mineral deposit beneath the kaolinite blanket bottom. Alteration areas 
with these characteristics do not have any metallic exploration potential. 
In Patagonia hydrothermal kaolinites are located around and beneath silicified, 
erosion-resistant hills. They have a clear clay lateral fault related zonation that 
includes some of the following minerals: dickite, alunite, pyrophyllite, or pyrite. The 
isotopic δ18O‰ and δD‰ in kaolinite are compatible with hydrothermal high 
temperature fluids and As, S, Ba, and Ag contents are within the range of weak 
geochemical anomalies. 
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Figure 1: Chon Aike and Choyoi Rhyolite Provinces in Patagonia and major areas of 
epithermal and kaolin deposits. 1- Cº Rubio, 2- Lote 8, 3- Manantial Espejo, 4- Mina 
Martha, 5- Guanaco, 6- Lote 18, 7- Valle Río Chubut, 8- Cuenca Neuquina, 9- Cº La 
Mina, 10- Choque Mahuida, 11- Calcatreu, 12- Cº Vanguardia. These provinces are 
the major current spots for epithermal precious metal deposit exploration (Modified 
after Kay et al., 1989 and  Franzese et al., 2002). 
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Figure 2: Location and regional geology of La Espingarda and other major kaolin 
quarries at Valle Inferior del Rio Chubut (modified from Sacomani and Panza, 2000). 
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Figure 3: Map of La Espingarda deposit showing lithology and geological section 
location. 
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Figure 4: Geological sections showing alteration distribution (A-B, C-D, E-F, and G-H) 
and rock relations (West-East). 
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Figure 4: Fresh and altered hand samples of PBI, ILG, and RF units. A- PBI 
unaltered sample showing quartz fragments, irregular feldspar crystaloclasts, and 
scarce biotite. Some lithoclasts can also be seen here. B- PBI: completely kaolinized 
rock cut by pure kaolinite veins. C- ILG breccia textures showing lithoclasts and 
pumicite fragments without evidence of compaction. D- Completely and pervasively 
altered ILG. E- RF with fluidal textures showing light colored and red bands with 
some quartz and feldspar phenocrystals in a vitreous groundmass. F- Completely 
kaolinized RF showing pure kaolinite veins with stockwork textures. G Quartz 
monophasic fluid inclusion and H- Biphasic fluids inclusions. 
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Fig. 5. Kaolinite generations. A — kaolinite 1 (FR pervasively kaolinized rock cut by a 
very fine quartz vein) B — kaolinite 1 (altered lithoclast cut by quartz veinlets). C — 
kaolinite 2 
(PBI kaolinized rock cut by quartz veins with kaolinite growing at the vugs walls). D — 
kaolinite 3 (kaolinite veins cutting the former arrangements). Qtz: quartz; K: kaolinite.
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Figure 6. A and B—ILG, RF, and RPB typical whole rock and <2 μm X-ray diagrams. 
C— RPB SEM open texture with short kaolinite books, scarce short illite fibers, and 
corroded feldspars. D — ILG SEM open texture with short and open kaolinite books 
and scarce halloysite fibers. E — RF SEM showing halloysite fibers disposed over 
kaolinite plates. F — SEM kaolinite from pure veins showing small and not well 
formed kaolin crystals. 
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Figure 7. Cluster analysis (linkage method: complete linkage; distance measurement: 
Pearson’s 1-r) showing the geochemical affinity of major and minor elements during 
the alteration process. A.D.=alteration degree. 
 
 
Figure 8. Hildreth's (1981) diagrams showing gains and losses of major and minor 
elements in the three lithofacies: fluidal rhyolite A: ILG, B: RPB and C: RF; D: 
distribution pattern of Rare Earth Elements, normalized to chondrites (Nakamura, 
1974). 
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Table 1: X-ray quantitative mineralogy (% wt.) 
 
Lithofacies Intensity Ka  Il   Q Fd Bi Acc Hi Si 
ILG Fresh    28 68 4    
 Medium 35 6 51 4     
 High 28 53 1  3   
  Washed 68 * 3 26     3 6.61 1.09
PBI Fresh    53 42 5    
 Medium 34  13 30 23     
 High 31 **  44 21  4   
  Washed 84 **   12     4 0.64 0.93
RF Fresh   50 50     
 Medium 20  3 48 29     
 High 35 ***  52 7  6   
  Washed 70 ***   21     9 0.46 1.09
 
References: ILG: lithic ignimbrite, PBI: Rhyolitic Porphyric Biotite, RF: Fluidal Rhyolite. Intensity: alteration degree. 
Hi and Si: Hinckley (1963) and Stoch’s (1974) indices of kaolinite structural order, respectively on washed 
samples whit low quartz contents. *Halloysite abundance. Ka: Kaolinite, Il: Illite, Q: Quartz, Fd: Feldspar, Bi: 
Biotite, Acc: Accessories. 
 
 
 
 
 
Table 3: Geochemical pathfinders for hot spring epithermal deposits (Nelson, 1988) 
 
 Reference values  La Espingarda kaolins 
ppm Known deposits 
Barren 
deposits ILG PBI RF 
Ag 15.2 6.5 1.0 <0.3 0.5 
As 183 162 3 9 10 
Au 1.9 0.7 <.002 <.005 <.002 
Ba 889 557 70 168 23 
Hg 36 22 <1 <1 <1 
Sb 215 21 1.0 0.8 0.7 
Ta 12 2 1.8 1.7 1.8 
 
Espingarda has lower geochemical values than that registered for barren hot spring deposits.  
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Table 2: Whole rock chemical composition of fresh, medium and highly and altered rocks. 
Facies   ILG PBI RFI 
Alteration  Fresh Interm. High High Fresh Interm. High High Fresh Fresh Interm. High High 
Sample  1 2 3 4 5 6 7 8 9 10 11 12 13 
SiO2 % 74.25 75.41 73.67 74.71 76.05 75.56 82.98 72.31 77.18 74.83 75.64 84.70 73.56
TiO2 % 0.18 0.20 0.21 0.23 0.15 0.17 0.17 0.22 0.11 0.14 0.19 0.19 0.22
Al2O3 % 13.16 14.95 15.77 15.51 12.09 13.52 11.61 16.22 11.15 13.82 13.87 10.23 15.92
Fe2O3 % 1.61 1.17 1.31 1.34 1.16 1.21 0.41 1.51 1.21 1.32 1.17 0.31 1.46
MnO % 0.03 0.03 0.03 0.04 0.03 0.03 0.01 0.03 0.07 0.06 0.02 0.02 0.02
MgO % 0.19 0.17 0.24 0.17 0.13 0.07 0.02 0.04 0.04 0.05 0.05 0.01 0.06
CaO % 0.21 0.12 0.20 0.12 0.22 0.07 0.07 0.05 0.10 0.10 0.08 0.05 0.14
Na2O % 3.80 0.13 0.32 0.13 2.79 0.42 0.14 0.73 2.50 4.78 0.15 0.15 0.58
K2O % 4.58 1.41 1.36 1.09 5.55 5.05 0.03 2.54 5.44 4.94 4.75 0.19 0.29
P2O5 % 0.04 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.01 0.02 0.04 0.02
C % n.d. n.d. n.d. 0.04 n.d. n.d. n.d. 0.02 n.d. n.d. n.d. n.d. 0.05
L.o.I. % 0.97 4.97 7.18 5.98 0.57 2.73 4.91 5.89 0.70 0.34 3.29 4.15 7.40
Total % 99.02 98.58 100.32 99.38 98.76 98.85 100.38 99.59 98.52 100.39 99.23 100.04 99.72
Ag ppm <0.3 <0.3 0.9 1.0 <0.3 <0.3 <0.3 <0.3 0.8 1.2 <0.3 0.7 0.5
As ppm 14 3 3 3 3 5 2 9 6 4 4 7 10
Au ppb <5 <5 <5 <2 <5 <5 41 <2 <5 <5 <5 <5 <2
Ba ppm 1188 31 166 70 425 329 77 168 17 11 106 36 23
Be ppm 2 3 4 4 2 2 2 3 3 3 1 1 2
Bi ppm <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Br ppm <1 <1 <1 <0.5 <1 <1 <1 <0.5 <1 <1 <1 <1 0.8
Cd ppm <0.3 <0.3 <0.3 0.7 <0.3 <0.3 <0.3 0.4 <0.3 <0.3 <0.3 <0.3 0.6
Co ppm 3.0 1.0 3.0 1.2 2.0 1.0 2.0 1.1 1.0 2.0 1.0 2.0 0.9
Cr ppm <2 <2 2 6 53 6 33 3 35 28 2 27 3
Cs ppm 7.3 8.9 13.2 5.9 3.2 3.6 1.9 1.8 2.5 1.7 4.9 3.7 1.6
Cu ppm 6 8 2 5 3 4 3 6 5 4 3 3 4
Hf ppm 4.2 4.1 7.3 6.5 3.5 2.7 3.7 5.1 7.3 7.9 4.6 5.9 6.2
Hg ppm n.d. n.d. n.d. <1 n.d. n.d. n.d. <1 n.d. n.d. n.d. n.d. <1
Ir ppb <5 <5 <5 <2 <5 <5 <5 <2 <5 <5 <5 <5 <2
Mo ppm <5 <5 <5 3 <5 <5 <5 2 <5 <5 <5 <5 4
Nb ppm n.d. n.d. 20 n.d. n.d. n.d. 12 n.d. n.d. n.d. n.d. 18 n.d.
Ni ppm 4 1 <1 4 5 3 20 3 4 <1 <1 18 3
Pb ppm 19 9 25 20 24 15 18 23 22 32 36 21 33
Rb ppm 129 114 128 133 200 158 <20 94 200 201 204 <20 18
S ppm 20 200 150 180 30 100 90 430 20 20 160 140 440
Sb ppm 0.3 0.3 1 0.6 0.5 0.4 0.6 0.8 0.4 0.3 0.8 0.9 0.7
Sc ppm 2.8 4.0 6.2 5.2 2.1 3.7 2.4 4.5 2.6 2.2 2.9 3.1 4.8
Se ppm <3 <3 <0.3 <0.5 <3 <3 <3 <0.5 <3 <3 <3 <0.3 <0.5
Sr ppm 97 10 22 11 42 15 7 9 10 13 12 7 11
Ta ppm <1 1.0 2.0 1.8 <1 1.0 2.0 1.7 <1 <1 2.0 2.0 1.8
Th ppm 15.9 24.9 29.3 31.0 15.3 16.3 15.7 24.4 22.3 25.4 22.5 19.9 30.0
U  ppm 2.1 2.5 3.3 4.2 2.2 1.1 0.9 3.7 2.7 2.2 2.3 1.8 4.3
V ppm 50 26 19 11 7 24 6 34 <5 5 22 12 46
W  ppm <0.3 <0.3 <0.3 1 <0.3 <0.3 <0.3 4 <0.3 <0.3 <0.3 <0.3 3
Zn ppm 30 44 38 50 28 30 12 32 62 53 37 27 23
Zr ppm 147 211 276 262 105 134 135 160 199 226 189 164 170
La ppm 168 44 55 46 41 44 24 67 30 34 67 50 73
Ce ppm 236 69 79 78 100 102 35 96 51 64 110 60 123
Nd ppm 95 28 26 35 22 26 13 47 18 20 30 21 55
Sm ppm 19.1 4.6 5.5 5.2 4.6 5.4 2.3 7.8 6.0 6.9 6.2 4.1 8.4
Eu ppm 2.9 0.5 0.6 0.6 0.6 0.7 0.2 1.0 <0.1 0.3 0.8 0.5 0.9
Tb ppm 1.2 <0.5 <0.5 0.8 <0.5 <0.5 <0.5 0.9 0.9 1.4 0.8 <5 1.3
Y ppm 25 24 37 25 19 24 10 20 43 49 28 23 24
Yb ppm 4.0 3.1 4.5 3.9 2.4 2.8 1.3 3.1 5.7 4.1 3.1 2.3 3.6
Lu ppm 0.60 0.46 0.70 0.59 0.36 0.42 0.20 0.45 0.84 0.61 0.46 0.33 0.54
 
 
 
